Leaf photosynthesis and ribulose bisphosphate carboxylase activation level were inhibited in several mutants of the C3 crucifer Arabidopsis thaliawa which possess lesions in the photorespiratory pathway. This inhibition occurred when leaves were illuminated under a photorespiratory atmosphere (50% 02, 350 microliters per liter C02, balnce N2) but not in nonphotorespiratory conditions (2% 02, 350 microliters per liter CO2, balance N2). Inhibition of carboxylase activation level was observed in strains with deficient glycine decarboxylase, serine transhydroxymethylase, serine-glyoxylate aminotransferase, glutamate synthase, and chloroplast dicarboxylate transport activities, but inhibition did not occur in a glycolate-P phosphatase-deficient strain. Also, the photorespiration inhibitor aminoacetonitrile produced a decline in leaf and protoplast ribulose bisphosphate carboxylase activation level, but was without effect on intact chloroplasts. Fructose bisphosphatase, a light-activated enzyme which is strongly dependent on stromal pH and Mg2 for regulation, was unaffected by conditions which caused inhibition of ribulose bisphosphate carboxylase. Thus, the mechanism of inhibition does not appear to involve changes in stromal Mg2l and pH but rather is associated with metabolite flux through the photorespiratory pathway.
Mg2' concentration induced by light (7) . In wheat leaves, this light-stimulated increase in activity appears to be physiologically important since increases in photosynthesis caused by higher levels of irradiance are correlated with increases in Rubisco activation ( 16) . Further evidence for Rubisco light activation as a limiting factor of CO2 assimilation is demonstrated by the rca mutant strain of Arabidopsis thaliana, which is defective in Rubisco activation (27) . When leaves of the rca strain are illuminated, Rubisco activity declines to below dark levels and photosynthesis is inhibited by 70%. Concomitant with this inhibition, RuBP levels increase several-fold, implying that Rubisco activity limits photosynthesis.
A poorly understood aspect of Rubisco regulation which may occur in vivo involves metabolite effectors. In vitro, Rubisco activity can be positively or negatively enhanced by a wide variety ofcellular metabolites, depending on the conditions used for preequilibration and assay (8, 10, 14) . The impetus to invoke metabolic effectors as participating in Rubisco regulation stems from the observation that the enzyme in vitro rapidly loses activity under conditions which are thought to mimic those in the chloroplast stroma (10) . Thus, metabolite effectors may be important for regulating Rubisco activation level.
One approach to understanding the mechanism of Rubisco activation, as well as the role of this enzyme in limiting photosynthesis, involves in vivo manipulation of activation. This can be achieved by altering conditions under which leaves or chloroplasts are illuminated. For example, Rubisco activity declined below the stable dark level of activity in wheat leaves following illumination with low light (17) . The Arabidopsis rca mutant demonstrates that Rubisco activation in vivo can be altered genetically. Thus, mutants can provide a useful approach to understanding physiological implications of specific processes, since the phenotype can be attributed to a single recessive mutation. A class of higher plant strains which illustrates this approach is the photorespiration mutants of Arabidopsis thaliana (21-24, 26, 28 (12) under artificial light (300 nmol PAR/m2s) with an I1-h photoperiod at 23%C, 75% RH, and 1 8C. Only fully expanded leaves were used in the experiments. Gas Exchange Measurements. Methods for gas exchange measurements have been previously described (25) . Detached Arabidopsis leaves were placed in a transparent chamber, the chamber immersed in a 24°C water bath, and gassed with a mixture of 345 AI/1 C02, 2% or 50% 02, bal N2, humidified to 65% RH. The gas exited through a drying tube and an IR gas analyzer. Flow rate was monitored with a mass flow meter. Illumination (300-400 nmol PAR/mi2 s) was provided by a 150-w tungsten flood lamp. In order to prevent transmittance of IR radiation, an IR filter was placed directly above the chamber containing the detached leaves.
Isolation of Protoplasts and Chloroplasts. Intact chloroplasts were isolated from fully expanded spinach leaves according to the method of Heldt and Sauer (6) . Ratesof C02-dependent 02 evolution were 120 to 160 Mmol 02/mg ChI -h. The percentage of intact chloroplasts isolated in this manner was routinely greater than 80% as determined by the ferricyanide method (5). Protoplasts were obtained from 5.0 g of spinach leaf tissue which was sliced into 1-mm strips and placed in an open Petri dish containing 30 ml of 0.5 M sorbitol, 1 mm CaCl2, 0.05% BSA, 5.0 mM Mes (pH 5.6), 1.0% w/v macerase, and 2.5% w/v cellulase.
The digesting tissue was illuminated from above (50 nmol PAR/ m * s) with a 1 50-w tungsten lamp. Seven cm of H20 was placed between the lamp and tissue in order to reduce IR radiation. After 3 h at room temperature, the digestion medium was removed with a syringe and replaced with 40 ml of 0.5M sorbitol, 1.0 mm CaCI2, and 5 mM Mes at pH 6.0. Protoplasts were then removed from the tissue by gently shaking (1-2 min) and filtering the resulting suspension through a 200 Mm nylon net. All procedures subsequent to the collection of protoplasts from the digested tissue were carried out at 2 to 4°C. The Iumol 02/mg Chlh were routinely obtained. Chloroplast contamination, as based on inhibition of 02 evolution after addition of 10 mm K-phosphate, ranged from 0 to 15%. Protoplasts were used within 3 h after preparation.
Protoplast and Chloroplast Rubisco Light Activation and Assay. Protoplasts were diluted to 0.1 mg Chl/ml with 0.4 M sorbitol, 50 mM Hepes (pH 7.6), and 1 mM CaCI2. Aliquots (50 ,ul) of this suspension were placed in transparent glass minivials and sealed with serum caps. The vials were then placed in a 25°C
water bath and flushed with a humidified gas mixture of 357 ,l/ C02, 50% 02, bal N2. After a 10-min dark period, the vials were illuminated from below (600 nmol PAR/M2. s). At specified intervals, Rubisco activity was assayed by disconnecting the gas supply and injecting 450 ul of assay buffer containing 50 mM Tricine (pH 8.1), 10 mM MgC92, 5 mM NaH'4CO3 (2-4 uCi/ ,Mmol), 0.5 mM RuBP, 0.5 mM EDTA, and 0.2% Triton X-100 into duplicate samples. Reactions were terminated after 30 s with 0.2 ml ot 6 N acetic acid.
Chloroplasts were diluted to a final concentration of 0.1 mg Chl/ml with 333 mM sorbitol, 50 mM Hepes (pH 7.6), 1 mm Kphosphate, 0.1% BSA, 2.5 mM MgCI2, and 1 mM EDTA. Illumination of chloroplasts was performed in the same manner as for the protoplasts, except that the pre-illumination period was shortened to 5 min and illumination time to 10 min. Shorter times were used due to the reduced longevity of isolated chloroplasts compared to protoplasts. Aminoacetonitrile (AAN), when used, was neutralized to pH 7.6 and was present during preillumination and illumination periods at 50 mM. Chl was determined by the method of Arnon (1) .
RuBP Carboxylase Assays. RuBP carboxylase assays were performed as described previously (16, 27) . Detached leaves of Arabidopsis were rapidly homogenized in a 2-ml Ten Broeck (29) .
Fructose Bisphosphatase Assay. FBPase was assayed spectrophotometrically as described by Leegood and Walker (9) . After the specified light or dark treatment, leaftissue was rapidly placed in liquid N2 and homogenized within 20 min in a Ten Broeck homogenizer with 2 ml of ice cold buffer. The homogenization buffer contained 100 mm Tris (pH 8.2), 10 mM MgCl2, 15 mM ,B-mercaptoethanol, 10 mM MgCI2, 0.05% Triton X-100, and 1 mM EDTA. After centrifugation for 10 s at 13,000g in a microfuge, a 50-pl aliquot (5-10 sg Chl) was added to a cuvette containing 0.95 ml of assay media containing 100 mm Tris (pH 7.8), 10 mM MgCI2, 1 mm FBP, 0.05% Triton X-100, 1 mM EDTA, 0.3 mm NADP, 2 units of glucose-6-P dehydrogenase, and 4 units of P-glucose isomerase. RESULTS Photosynthesis and Rubisco Light Activation. As previously reported, a distinguishing feature of all the Arabidopsis photo- activation were evident in other photorespiration mutants with the exception ofthe glycolate-P phosphatase (pcoA) strain (Table  I) . Activation in all of the mutants was essentially the same as in the wild-type when nonphotorespiratory conditions were employed. Not all the mutants followed the same time course of inhibition. The dicarboxylic acid transport (dct) and glutamate synthase (gluS) mutants required up to 1 h of illumination before the same level of inhibition was observed. These mutants showed intermediate levels of inhibition after a 30-min illumination period (data not shown).
The single exception to this pattern of Rubisco inactivation was the glycolate-P phosphatase mutant (pcoA), in which Rubisco light activation was unaffected regardless of the gas regime used during illumination (Table I) . Moreover, when this mutation was genetically combined with the stm lesion, the inhibition of Rubisco activation caused by the stm defect was suppressed (Table I) .
Aminoacetonitrile (AAN) Inhibition of Whole Leaf Photosynthesis. Photosynthesis in leaves of wild-type Arabidopsis, when supplied with the photorespiration inhibitor AAN, was inhibited by 50% under photorespiratory conditions (Fig. 5) . This inhibition followed a 60-min illumination period in 2% 02, 357 M1/1 C02, bal N2, in which photosynthesis was unimpaired. The maximum photosynthesis rate was restored upon returning the gas regime to 2% 02, 357%, bal N2. Since AAN is an inhibitor of glycine decarboxylation (30) , it was expected to mimic the stm and glyD mutants by causing an inhibition of Rubisco light activation. Table II shows that this was the case when leaf tissue corresponding to the photosynthetic measurements in Figure 5 was sampled for Rubisco activity. In concert with the inhibition of photosynthesis caused by AAN, a sharp reduction in the lightactivated portion of Rubisco activity occurred. Moreover, both photosynthesis and Rubisco activation level were restored by returning the plants to nonphotorespiratory conditions. Although there was a slight decline in Rubisco activity at the end of 2 h illumination, the restoration of activity to wild-type levels indicated that the inhibition of Rubisco activation was due to the participation of the photorespiratory pathway and could be reversed by eliminating photorespiration.
Effect of AAN on Spinach Chloroplasts and Protoplasts. To further test the conclusion that the decline in Rubisco light activation was dependent on inhibition of the photorespiratory pathway, spinach protoplasts and intact chloroplasts were treated with AAN and illuminated in an atmosphere of 50% 02, 345 gl/ I CO2, bal N2. AAN dramatically inhibited Rubisco light activation in protoplasts at the end of 20 min, while a greater than 2-fold increase occurred in the untreated protoplasts (Fig. 6 ). The inhibitor had no effect on Rubisco in intact chloroplasts treated in a similar manner (Fig. 7) . The pretreatment and illumination periods were halved in the chloroplast experiments, since intact chloroplast photosynthesis and Rubisco activity declined rapidly for illumination periods greater than 10 min. Rubisco activity was also higher in the chloroplast experiment due to a reduced amount of chloroplast breakage, since the organelles were isolated directly instead of digesting the tissue for 3 h. These results agree with those obtained by Usuda et al. (30) , who observed that 50 mM AAN was without effect on wheat chloroplast photosynthesis although it substantially inhibited photosynthesis in wheat protoplasts.
Fructose Bisphosphatase Light Activation. Fructose bisphosphatase (FBPase) activity in detached Arabidopsis leaves was determined following a rapid extraction and assay method used to determine light-stimulated increases in wheat leaf FBPase activity (9) . (3) and photosynthesis in isolated chloroplasts (11, 15) . The decline in Rubisco light activation was correlated with a decline in photosynthesis in the Arabidopsis mutants and in AAN-treated wild-type Arabidopsis leaves. The decrease in photosynthesis might also be due to a decline in RuBP pools, since inhibiting photorespiration would impair the recycling ofcarbon back to the Calvin cycle (19) . In the pcoA mutant, Rubisco undergoes normal light activation even though RuBP synthesis is inhibited (unpublished observation), probably by glycolate-P inhibition of triose-P isomerase (21) . Rubisco activation level can also limit photosynthesis, as indicated by the Arabidopsis rca mutant (27) . In the rca mutant, Rubisco activity declined below dark levels and photosynthesis was inhibited by 70% while the level of RuBP increased several-fold. In the case ofthe AANtreated wild-type leaves, Rubisco activation level may also be primarily involved in inhibition of photosynthesis. Creach and Stewart (4) observed an increase in RuBP concentration in soybean leaf discs while photosynthesis was inhibited following treatment with AAN and illumination under a photorespiratory atmosphere, suggesting an inhibition in Rubisco activity. Thus, a decline in either Rubisco activation or RuBP level may contribute to the observed inhibition of photosynthesis in the photorespiration mutants.
